A problem with index number methods for computing TFP growth is that during recessions these methods show declines in TFP. This is rather implausible since it implies technological regress. We develop a new method to decompose TFP growth into technical progress and inefficiency arising from the short run fixity of capital and labour, and apply this to new data on the US Corporate Nonfinancial Sector and the Noncorporate Nonfinancial Sector. The analysis sheds light on sources of the productivity growth slowdowns over the period 1960 to 2014.
Introduction
Total Factor Productivity (TFP) Growth is usually defined as aggregate output growth divided by aggregate input growth.
2 Output growth and input growth are usually measured using (bilateral) index numbers. During recessions when outputs fall more rapidly than inputs, these index number measures of TFP growth usually show that productivity has declined. Since index number measures of TFP growth are often interpreted as measures of technical progress, such declines in measured productivity are somewhat embarrassing since they seem to imply technological regress; i.e., the production frontier has somehow managed to shrink. Aiyar, Dalgaard and Moav (2008; 127) note that there are instances of lost knowledge and technical regress in pre-industrial times as, before the printing press and widespread literacy, technological knowledge was typically embodied in humans. Negative population and land productivity shocks could "induce the neglect of techniques rendered temporarily unprofitable". 3 The transmission of these techniques to the following generations would then be lost. However, they also note (p. 126) the following in relation to the relevance of such ancient history to our modern economies.
"The phenomenon of technological regress cannot be reconciled with standard macroeconomic models of innovation (Romer 1990; Grossman and Helpman 1991; Aghion and Howitt 1992; Kortum 1997; Weitzman 1998; Olsson 2000) or adoption (Nelson and Phelps 1966; Eaton and Kortum 1999) . Knowledge in these theories is conceived as a stock which may stagnate but never shrinks. Nor is this surprising; the theories are built to explain the facts of the contemporary world, which is mostly characterized by purposive R&D in rich countries, and the adoption of foreign technology by low-income countries."
Hence, in modern times, any interpretation of declines in productivity as representing technological regress is problematic for economic modelling and policy formulation. Of 2 See Jorgenson and Griliches (1967) or Balk (1998) .
course, serious students of productivity measurement have long realized that factors other than technical change can explain changes in TFP; see e.g. Färe, Grosskopf, Norris and Zhang (1994) , Syverson (2011) , Krüger (2016) and references therein. Two of these explanatory factors are:
• Changes in technical and allocative inefficiency and
• Nonconstant returns to scale in production.
We will not be able to deal with the second explanatory factor in this paper (we will assume constant returns to scale technologies) but we will be able to decompose TFP growth into the product of an efficiency factor (a movement towards the production frontier) times a technical progress factor (an expansion of the production possibilities set for the sector of the economy under consideration). The novelty in our decomposition is that (i) it is a nonparametric method; (ii) it can be readily computed and (iii) our measure of TFP growth is quite closely related to the standard Fisher index of TFP growth. However, our method does have a drawback (in addition to assuming constant returns to scale): our methodology requires that there be only one output. In many empirical contexts of interest this may not be a major issue, such as the standard macroeconomic context of considering the TFP growth of a country using national accounts data.
Given the recent heightened interest in U.S. productivity growth due to the measured productivity growth slowdown since 2004, 4 the new decomposition is applied to the new U.S.
Bureau of Economic Analysis (BEA) Integrated Macroeconomic Accounts. These new accounts enabled the construction of a set of productivity accounts for two key sectors of the US private business sector: the Corporate Nonfinancial Sector and the Noncorporate Nonfinancial Sector.
Our methodology is explained in the following section, and is fairly closely related to the nonparametric production methodology developed by Farrell (1957) . Sections 3 and 4 apply the methodology to our two sectors of the U.S. economy: the Corporate Financial Sector and the Noncorporate Nonfinancial Sector. Section 4 concludes. Appendix A briefly describes and lists our data set, which covers the years 1960-2014. Appendix B looks at how our methodology could be extended to the many output case.
The Decomposition of TFP Growth into Technical Progress and Efficiency

Components
Our analytic framework broadly follows the cost decomposition framework explained in Section 2 of Diewert (2014) except that in the present paper, we assume a constant returns to scale best practice technology with one output. A significant innovation is that we are explicit about the determination of the relevant best practice technology, by assuming that the best practice technology production possibilities set is the convex, conical hull of past observations on the production unit up to and including the current period. 5 Our approach can also be regarded as a modification of Farrell's (1957) one output, constant returns to scale nonparametric model of efficient production where we adapt his method of analysis to the time series context.
We assume that we have information on the period t output produced by a production unit, y
We assume that the production unit's period t production possibilities set can be adequately approximated by the convex 7 conical free disposal hull of the period t actual production vector and past production vectors that are in our sample of time series observations for the unit. 8 Using this assumption, we define the period t best practice unit cost function if the producer faces the nonnegative, nonzero vector of input prices w > 0 N , c(w,t), as follows: (2) where the second line in (2) follows from the first line since there is only one constraint in the linear programming problem defined by the first line and so the solution to the LP problem is a simple minimum of t numbers.
The best practice unit cost function, c(w,t), can be used to define the period t cost efficiency for the production unit. It will not necessarily be the case that the production unit being studied achieves the best practice level of costs in period t; i.e., the following inequalities will be satisfied:
where the inequalities in (4) follow from the inequalities in (3). We note that this definition of cost efficiency is equivalent to Farrell's (1957; 255) measure of overall efficiency, which combined his measures of technical and allocative inefficiency.
Given the above definition of cost efficiency in period t, we can define an index of the change in the production unit's cost efficiency going from period t−1 to t as follows:
Thus if ε t > 1, then the cost efficiency of the production unit has improved going from period t−1 to t whereas it has fallen if ε t < 1.
We now use the best practice unit cost function to define a family of measures of technical progress, τ(w,t); i.e., measures of expansion in the production possibilities set going from period t−1 to t. For a reference vector of input prices w >> 0 N , define τ(w,t) as follows: 10 (6) τ(w,t) ≡ c(w,t−1)/c(w,t).
In the regulatory literature, it is quite common to specify technical progress in terms of downward shifts in the cost function over time. Thus in definition (6), we pick a reference vector w and use the best practice technology of period 0 to calculate the minimum cost of producing one unit of output at the input prices w using the period t−1 and t best practice technologies at those times. This gives rise to the unit costs, c(w,t−1) and c(w,t), respectively.
If there is positive technical progress going from period t−1 to t, then c(w,t), will generally be less than c(w,t−1) and hence τ(w,t) = c(w,t−1)/c(w,t) will be greater than one and this measure of technical progress is the reciprocal of the degree of proportional cost reduction that results from the expansion of the underlying best practice technology sets due to the passage of time. For each choice of a reference vector of input prices w, we obtain a (possibly 10 This type of cost based measure of technical progress can be traced back to Salter (1960) . Balk (1998; 58) defined a family of indexes similar to that defined by (6) by using the best practice total cost function in place of the best practice unit cost function. The definitions (6)-(13) are specializations (to the case of one output) of the cost function based definitions used by Diewert (2011; 181-182) (2012; 223-225) to decompose total cost growth into explanatory factors using a reference best practice cost function. What is missing in Diewert's decompositions is the change in cost efficiency term ε t defined by (5). 
We now turn our attention to measures of the effects on best practice unit cost of input price change. We use the period t best practice unit cost function c(w,t) in order to define a family of input price indexes going from period t−1 to period t, β(w t−1 ,w t ,s), as follows:
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(10) β(w t−1 ,wcases, the production unit has access to the best practice technology of period s. Hence for each choice of technology, we obtain a (possibly different) input price index.
It is natural to choose s to be equal to either t−1 or t. Thus for these choices of s, we obtain the following Laspeyres and Paasche type input price indexes, β L t and β P t , that measure input price change going from period t−1 to t:
(11) β L t ≡ β(w t−1 ,w t ,t−1) = c(w t ,t−1)/c(w t−1 ,t−1) ; t = 2,3,...,T;
(12) β P t ≡ β(w t−1 ,w t ,t) = c(w t ,t)/c(w t−1 ,t) ; t = 2,3,...,T.
Since both input price indexes, β L t and β P t , are equally representative, a single estimate of input price change should be set equal to a symmetric average of these two estimates. We again choose the geometric mean as our preferred symmetric average and thus our preferred overall measure of input price growth going from period t−1 to t is the following Fisher type theoretical input price index, β t :
The input price index β t can be used to deflate the (total) cost ratio going from period t to t−1, C t /C t−1 , in order to obtain the following implicit input quantity index going from period t−1 to t, γ t : 
1/2 using (13)
using (11) and (12) = ε t [c(w
1/2 using (7) and (8) = ε t τ t using (9).
As will be seen in subsequent sections of the paper, the decomposition of TFP growth defined by (16) seems to work well in practice; i.e., the time t technical progress measure τ t never falls below 1 (so there is never any technological regress using our methodology) and the time t measure of cost efficiency change ε t falls below 1 during recession years as anticipated.
Note that a consequence of our definitions is that in a given period, cost inefficiency could be large enough to negate the effects of actual technical progress so that our nonparametric indicator of technical progress will indicate that there is no technical progress when in fact there was technical progress. That is, estimates of efficiency losses may be offset by technical progress, and what is measured as efficiency change is the net effect Finally, it is convenient to convert the above growth decomposition into a levels decomposition. Thus we start off by setting the period 1 input level, X 1 , and the period 1 output level, y 1 , 14 equal to period 1 total cost, C 1 :
The period 1 TFP level TFP 1 , cost efficiency level E 1 and technology level T 1 are all set equal to 1:
The period t input level X t , TFP level TFP t , cost efficiency level E t and technology level T t for t greater than one are defined recursively as follows:
Using the above definitions, it can be shown that we have the following decomposition of the productivity level at time t into the product of the time t level of cost efficiency times the time t level of technology; i.e., we have:
We will illustrate the decompositions defined by (16) and (20) using U.S. data in the following sections.
TFP Decompositions for the U.S. Corporate Nonfinancial Sector
The US Bureau of Economic Analysis ( components. Diewert and Fox (2016) provided such a decomposition and we will use their data in this study. The data for the two subsectors are described and listed in Appendix A. In this section, we will use their output and input data for the U. years where the cost efficiency is less than one. Our nonparametric measure of technical progress τ t is always equal to or greater than one; i.e., our measure never indicates technological regress.
Another important empirical regularity emerges from 1961-1973), 1.32% (1974-1995), 2.55% (1996-2004) and 0.91% (2005-2014) . Hence, this last sub-period has a substantially lower rate annual average productivity growth than earlier periods.
From Table 1 , it can be seen that there were cost efficiencies e t below 1 for the following eleven years : 1969, 1970, 1974, 1979, 1980, 1982, 1989, 2001, 2007, 2008 and 2009 . For the most part, these years were recession years for the U.S. economy. These efficiency declines were less than one percent in most years except there was a 3.28% efficiency decline for this 18 These percentages are actually percentage points. The corresponding geometric average rate of growth for our nonparametric rate of input growth γ t was 1.881% per year while the corresponding Fisher index rate of input growth γ t* was 1.886% per year. 19 We thank John Fernald for suggesting taking averages over these sub-periods. sector in 2009. Note that the output decline in 2009 was 7.10% while the nonparametric input decline was 4.83%. During recessions when demand drops unexpectedly, many inputs are quasi-fixed and cannot drop at the same rate, leading to a TFP decline. Thus during recession years, the observed output and input combination generally ends up in the interior of the production possibilities set.
A fall in efficiency (i.e. an increase in inefficiency) can be viewed as a decline in the utilization of inputs. The declines in the labour components show up as reduced hours, some of which are measured (and this is taken into account in our aggregate labour measures) but some of the declines are not measured and these lead to a form of inefficiency. It is similar with machines and structures: machine hours go down in a recession but our measures of capital services do not take these reduced hours into account and so it will seem that too much capital is being used to be on the production frontier. With structures, it is a similar story except the inefficiency shows up as increased vacancy rates for offices and apartments which we are not measuring in our measures of capital. Thus our inefficiency measures are not like the differences in marginal product measures that assume sectors or firms are on their production frontiers but there is misallocation of capital between sectors because rates of return on capital are not equalized across sectors. Our inefficiency measures put the observed production vectors of the sectors into the interior of their production possibilities sets (or rather into our nonparametric approximation to their true production possibilities sets).
In general, cost inefficiencies are a transitory phenomenon which show up during recessions but which vanish when the economy recovers from the recession. Nevertheless, the cost efficiency factors e t provide a rough and ready numerical estimate of the costs of a recession.
During the Great Recession, this cost was significant and it illustrates the importance of macroeconomic stability in preventing recessions.
Recall that equations (17) 1961-1973), -0.03% (1974-1995), 2.32% (1996-2004) and 1.32% (2005-2014) . Hence, this last sub-period has a substantially lower rate of annual average productivity growth than for 1961-1973 and 1996-2004 , but higher than for the period 1974-1995. Recall that this was not the case for the Corporate Nonfinancial Sector. In addition, the slowdown between the two most recent subperiods (1996-2004 and 2005-2014) is much larger for the Corporate Nonfinancial Sector (a fall of annual average productivity growth of 2.55-0.91=1.64% compared with 2.32-1.32=1%).
While the slowdown cannot be characterized as entirely a phenomenon of the Corporate Nonfinancial Sector, it seems clear that these results demonstrate a significantly different productivity experience across these major sectors of the U.S. economy.
From 
Conclusion
We have provided a fairly simple decomposition of Total Factor Productivity growth into technical progress and technical efficiency components. These components are relatively simple to compute and could be used by statistical agencies to provide more insight into the sources of TFP growth. In particular, the efficiency component, when less than one shows the cost to the economy of recessions and underlines the importance of achieving macroeconomic stability.
TFP growth in our two sectors over the years 1960-2014 has been excellent, averaging 1.69%
for the U.S. Corporate Nonfinancial Sector and 1.24% per year for the U.S. Noncorporate
Nonfinancial Sector. These are very high average rates of TFP growth over such a long period.
Considering averages from different sub-periods sheds some light on the much debated recent productivity slowdown. While it cannot be characterized as entirely a phenomenon of the Corporate Nonfinancial Sector, our results demonstrate a significantly different productivity experience across our two sectors of the U.S. economy, with the Noncorporate Nonfinancial
Sector not experiencing as substantial a slowdown compared to the Corporate Nonfinancial 1960 1962 1964 1966 1968 1970 1972 1974 1976 1978 1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 1969, 1970, 1974, 1979, 1980, 1982, 1989, 2001, 2007, 2008 and 2009 We have also shown that standard Fisher index measure of TFP growth will provide an adequate long run measure of growth in TFP. Thus our methodology should be viewed as a complement to standard statistical agency measures of TFP growth. Our decomposition is different from standard growth accounting decomposition approaches and gives policy makers information on two important components of TFP growth, while avoiding the interpretation of productivity declines implying disappearing technologies.
In Appendix B, we show how our one output methodology can be extended to the case of many outputs. However, it should be noted that the multiple output joint cost function C(y,w,t) defined by equation (B1) in Appendix B may not be well defined; i.e., the linear program defined in (B1) may not have a feasible solution if the output vector y has some negative components in it that represent amounts used of intermediate inputs.
Even if all components of the y vector are positive, the optimal costs defined by C(y,w,t) can be quite volatile and this will tend to make the methodology based on this nonparametric cost function impractical for statistical agencies to use. Thus the one output methodology that we have illustrated above may be the most suitable application for statistical agencies that provide TFP measures.
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Appendix A: U.S. Corporate and Noncorporate Nonfinancial Sector Data
The output and input price data that we use in this paper are drawn from Diewert and Fox (2016) . These data were constructed from Bureau of Economic Analysis (BEA) National
Income and Product Accounts Tables, BEA Capital Stock Tables, the Integrated   Macroeconomic Accounts Tables constructed by the subsectors in the present study in this Appendix. 23 The user costs for the various capital stocks that we list here are the user costs that use predicted end of period asset prices rather than actual end of period asset prices in the user cost formula. Our use of predicted prices dramatically smoothed the resulting user costs and in particular, eliminated the negative user costs that occurred when actual end of period asset prices were used in the user cost formula.
We used balancing rates of return in our user costs so that the value of inputs was equal to the corresponding value added for each year and for each of our two sectors.
The output and input price information for the U.S. Corporate Nonfinancial Sector are listed in Table A1 . The first input is labour input and the remaining input prices are user costs 24 for nine types of capital, where the stock price was set equal to unity in 1960 for each asset. Table A1 are listed in Table A2 .
The output and input price information for the U.S. Noncorporate Nonfinancial Sector are listed in Table A3 . The first input is labour input and the remaining input prices are user costs The quantity (or volume) data that match up with the above price data for the Noncorporate Nonfinancial Sector are listed in Table A4 .
anticipated asset inflation rates where the anticipated rate in year t was essentially the geometric average growth rate of the asset price over the 25 years prior to year t. We now define our last family of cost function based indexes for this section. We again use reference total cost function defined by (B1) in order to define a family of indexes of technical progress going from period t−1 to t, τ(t−1,t,y,w), for a reference vector of outputs y and a reference vector of input prices w as follows:
(B13) τ(t−1,t,y,w) ≡ C(y,w,t−1)/C(y,w,t) ; t = 2,...,T.
Technical progress measures are usually defined in terms of upward shifts in production functions or outward shifts of production possibilities sets due to the discovery of new techniques or managerial innovations over time. However, in the regulatory literature, it is quite common to specify technical progress in terms of downward shifts in the cost function over time. Thus in definition (B13), we pick reference vectors y and w and use the best practice technology of periods t−1 and t to calculate the minimum cost of producing the output vector y at the input prices w. This gives rise to the total costs, C(y,w,t−1) and C(y,w,t), respectively. If there is positive technical progress going from period t−1 to t, then C(y,w,t) will be less than C(y,w,t−1) and hence τ(t−1,t,y,w) will be greater than one and this measure of technical progress is the reciprocal of the degree of proportional cost reduction that results from the expansion of the underlying best practice technology sets due to the passage of time.
For each choice of a reference vector of output quantities y and reference vector of input prices w, we obtain a possibly different measure of exogenous cost reduction and hence of technical progress.
Instead of singling out the reference vectors y and w that appear in the definition of τ(t−1,t,y,w) to be the period t quantity and price vectors (y t ,w t ), we will choose the mixed vectors (y 0 ,w 1 ) and (y 1 ,w 0 ) for special attention. The reason for these rather odd looking
